. Probiotics ameliorate the hydrogen peroxide-induced epithelial barrier disruption by a PKCand MAP kinase-dependent mechanism. Am J Physiol Gastrointest Liver Physiol 294: G1060-G1069, 2008. First published February 21, 2008 doi:10.1152/ajpgi.00202.2007.-Probiotics promote intestinal epithelial integrity and reduce infection and diarrhea. We evaluated the effect of Lactobacillus rhamnosus GG-produced soluble proteins (p40 and p75) on the hydrogen peroxide-induced disruption of tight junctions and barrier function in Caco-2 cell monolayers. Pretreatment of cell monolayers with p40 or p75 attenuated the hydrogen peroxideinduced decrease in transepithelial resistance and increase in inulin permeability in a time-and dose-dependent manner. p40 and p75 also prevented hydrogen peroxide-induced redistribution of occludin, ZO-1, E-cadherin, and ␤-catenin from the intercellular junctions and their dissociation from the detergent-insoluble fractions. Both p40 and p75 induced a rapid increase in the membrane translocation of PKC␤I and PKCε. The attenuation of hydrogen peroxide-induced inulin permeability and redistribution of tight junction proteins by p40 and p75 was abrogated by Ro-32-0432, a PKC inhibitor. p40 and p75 also rapidly increased the levels of phospho-ERK1/2 in the detergentinsoluble fractions. U0126 (a MAP kinase inhibitor) attenuated the p40-and p75-mediated reduction of hydrogen peroxide-induced tight junction disruption and inulin permeability. These studies demonstrate that probiotic-secretory proteins protect the intestinal epithelial tight junctions and the barrier function from hydrogen peroxide-induced insult by a PKC-and MAP kinase-dependent mechanism.
PROBIOTICS ARE LIVE MICROORGANISMS that confer health benefits to the host including disease prevention and/or treatment (13) . Given the substantial increase in probiotic research in basic sciences and clinical studies, Food and Agriculture Organization/World Health Organization define probiotics as "live microorganisms which, when consumed in adequate amounts as part of food, confer a health benefit on the host" (23) . Clinical applications of probiotics include treatment or prevention of inflammatory bowel diseases, diarrhea, irritable bowel syndrome, gluten intolerance, gastroenteritis, and Helicobacter pylori infection (4) . To exert beneficial roles on the host, probiotics regulate intestinal epithelial homeostasis, such as promotion of cell survival and barrier function (17, 24, 25) , improve intestinal microbial ecology, and regulate immune function (26) .
Lactobacillus rhamnosus GG (LGG), a natural occurring bacterium originally isolated from the healthy human intestine (8) , is one of the best-studied probiotic bacteria in clinical trials for treating and/or preventing several intestinal disorders, including inflammatory bowel diseases and diarrhea (26) . Recent mechanistic studies using LGG as a model of probiotic bacterium find that LGG prevent cytokine-induced apoptosis in intestinal epithelial cells through activation of Akt and inhibition of p38 activation. More importantly, constituents recovered from LGG culture broth supernatant stimulate Akt action to prevent cytokine-induced apoptosis in intestinal epithelial cells (24) . Furthermore, two LGG-produced soluble proteins, p75 and p40, have been successfully purified and cloned. Both p75 and p40 activate Akt and regulate intestinal epithelial cell antiapoptotic responses (25) .
Intestinal epithelial tight junction (TJ) prevents the diffusion of potential injurious factors from the gastrointestinal lumen into the tissue (1) . Disruption of TJ and elevated permeability to luminal toxins, allergens, and pathogens play a crucial role in the pathogenesis of a number of gastrointestinal diseases such as inflammatory bowel disease, celiac disease, and alcoholic liver disease. Proinflammatory factors such as reactive oxygen species (3, 14 -16, 18) , cytokines (5, 22) , and toxins (19) disrupt the TJ and compromise the barrier function of the intestinal epithelium. The factors that prevent this inflammation-mediated disruption of the TJ and barrier function may provide potential therapeutic benefit in the treatment of many gastrointestinal diseases. TJ is formed by the organization of a number of specific proteins including occludin, zonula occludens (ZO-1, ZO-2, and ZO-3), claudins, and junctional adhesion molecule (1) . Previous studies have demonstrated that hydrogen peroxide (H 2 O 2 ) disrupts TJs in the Caco-2 cell monolayer by a mechanism involving phosphatidylinositol 3-kinase (18) and c-Src (3). H 2 O 2 induces the redistribution of TJ and adherens junction (AJ) proteins, occludin, ZO-1, Ecadherin, and ␤-catenin, from the intercellular junctions into the intracellular compartments.
In the present study we evaluated the effect of proteins secreted by probiotic LGG. The results show that 1) pretreatment of Caco-2 cell monolayers with LGG culture supernatant (LGG-s) or LGG-produced soluble proteins (p40 and p75) significantly diminish H 2 O 2 -induced disruption of barrier function and increase in paracellular permeability without affecting the H 2 O 2 level, 2) probiotic proteins prevent the H 2 O 2 -induced redistribution of TJ and AJ proteins and attenuate the H 2 O 2 -induced loss of detergent-insoluble fractions of TJ and AJ proteins, 3) p40 and p75 induce the membrane translocation of PKC␤I and PKCε and prevent the H 2 O 2 -induced disruption of TJ by a PKC-dependent mechanism, and 4) p40 and p75 rapidly activate ERK1/2 and prevent the H 2 O 2 -induced disruption of TJ by a MAP kinase-dependent mechanism.
MATERIALS AND METHODS
Chemicals. Cell culture supplies were obtained from Invitrogen (San Jose, CA), and Transwell inserts and other cell culture plastic wares were purchased from Costar (Cambridge, MA). FITC-inulin, H 2O2, and BSA were purchased from Sigma-Aldrich (St. Louis, MO). Ro-32-0432 and U0126 were purchased from EMD Chemicals (San Diego, CA). Other fine chemicals and laboratory supplies were obtained from Fisher Scientific (Pittsburgh, PA) or Sigma-Aldrich.
Antibodies. Mouse monoclonal anti-occludin antibody and rabbit polyclonal anti-occludin and anti-ZO-1 antibodies were purchased from Zymed Laboratories (South San Francisco, CA). Rabbit polyclonal anti-␤-catenin, anti-phospho-Akt, anti-actin, anti-PKCε, and anti-PKC␤I antibodies were purchased from Upstate USA (Lake Placid, NY), and mouse monoclonal anti-E-cadherin antibody was purchased from BD Transduction Laboratories (Lexington, KY). AlexaFluor 488-conjugated anti-mouse IgG was obtained from Molecular Probes (Eugene, OR) and Cy3-conjugated anti-rabbit IgG was purchased from Sigma Immunochemicals (St. Louis, MO). Rabbit polyclonal anti-phospho-ERK1/2 and anti-phospho-Akt antibodies were obtained from Cell Signaling Technology (Danvers, MA). Polyclonal antibodies against p75 and p40 were generated as described before (25) and conjugated to protein A/G beads (Santa Cruz Biotechnology, Santa Cruz, CA) by incubating antibodies with beads in PBS for 2 h at 4°C.
Preparation of LGG-s and isolation of p40 and p75.
LGG (ATCC 531030) were cultured in Lactobacillus MRS broth at 37°C according to ATCC guidelines. Bacteria were harvested from MRS broth by centrifugation and washed twice with phosphate-buffered saline (PBS). Following centrifugation, the bacteria-free supernatant (LGG-s) was passed through a 0.2-m filter (24) . Purification of p40 and p75 from LGG-s has been described before (24) . LGG-s was loaded onto UNOsphere S ion-exchange media (Bio-Rad Laboratories, Hercules, CA). Bound proteins were eluted using 30 nM Tris, pH 7.3, containing sequential concentrations of NaCl (100 -800 mM). Eluted proteins were then concentrated by using Amicon Ultra-4 centrifugal filter devices (Millipore, Bedford, MA). Protein concentrations were determined by using a DC protein assay (Bio-Rad Laboratories).
For immunodepletion of p40 and p75, LGG-s was incubated with anti-p75 antibody-conjugated beads for 4 h at 4°C. After removal of anti-p75 antibody-conjugated beads, LGG-s was incubated with antip40 antibody-conjugated beads for another 4 h. LGG-s incubated with preimmune-IgG on beads was used as the negative control. The amounts of p75 and p40 present in LGG-s or immunodepleted LGG-s were detected by immunoblot analysis.
Cell culture. Caco-2, T84, and HT29 cells were purchased from American Type Culture Collection (Rockville, MD) and grown under standard cell culture conditions as described before (3, 14 -17) . Cells were grown on polycarbonate membranes in Transwell inserts (6.5, 12, or 24 mm; Costar). The experiments were conducted 11-13 days (6.5 or 12 mm Transwells) or 17-19 days (24 mm Transwell) postseeding.
Cell treatments. H 2O2 (10 -100 M) in PBS (Dulbecco's saline containing 1.2 mM CaCl2, 1 mM MgCl2, and 0.6% BSA) was administered to both the apical and the basal media as previously described (3, 14 -16, 18) to Caco-2, T84, or HT29 cell monolayers. Probiotic proteins, LGG-s (1-10 g/ml), p40 (0.1-1.0 g/ml), and p75 (0.1-1.0 g/ml) were administered to the apical, basal, or apical and basal media 30 min prior to H2O2 administration. In some experiments, cells were pretreated with probiotics and washed off prior to H2O2 administration. U0126 (10 M) or Ro-32-0432 (1 M) was administered to both the apical and basal media 30 min prior to probiotic administration. Control cell monolayers were incubated in PBS without H2O2 and/or inhibitors.
Measurement of TER. Transepithelial resistance (TER) was measured as described before (11) using a Millicell-ERS Electrical Resistance System (Millipore). The TER varied from 550 to 650 ⍀ ⅐ cm 2 . TER recorded in unseeded Transwell inserts (usually 50 -80 ⍀ ⅐ cm 2 ) was subtracted from all values. Unidirectional flux of inulin. Unidirectional flux of inulin was measured by incubating cell monolayers in the presence of 0.5 g/ml of FITC-inulin in the basal well. At different times, 100 l each of apical and basal media were withdrawn and fluorescence was measured in a microplate fluorescence reader (FLX-800 fluorescence microplate reader; Bio TEK Instruments, Winooski, VT). Flux into the apical well was calculated as a percentage of the total fluorescence administered into the basal well per hour per square centimeter of surface area.
H 2O2 assay. The levels of H2O2 were measured as described previously (12) . Aliquots (100 l) of samples were incubated with 100 l of phenol red solution containing 40 U/ml of horseradish peroxidase and 1.16 mM phenol red in PBS in 96-well plates at room temperature for 15 min. Reaction was terminated by adding 10 l of 1 N sodium hydroxide, and the absorbance was read at 610 nm in an automated plate reader. A standard curve was constructed by use of 2-50 M H 2O2.
Immunofluorescence microscopy. Cell monolayers were fixed in acetone-methanol (1:1) at 0°C for 5 min. The fixed membranes were rehydrated in PBS and permeabilized with 0.2% Triton X-100 in PBS. Cell monolayers were then blocked with 4% nonfat milk in TBST (Tris-buffered saline containing 0.05% Tween-20) and were then stained with a mixture of mouse monoclonal anti-occludin and rabbit polyclonal anti-ZO-1 antibodies or mouse monoclonal anti-E-cadherin antibody and rabbit polyclonal anti-␤-catenin antibody. A mixture of AlexaFluor 488-conjugated anti-mouse IgG and Cy3-conjugated antirabbit IgG antibodies was used as secondary antibodies. Cells were mounted and the images were collected via a confocal laser scanning microscope (Zeiss LSM510 PASCAL) as a series of images of 1-m XY sections. The images were stacked by using the Image J software and processed by Adobe Photoshop (Adobe Systems, San Jose, CA).
Preparation of plasma membrane fraction. Plasma membrane fractions were prepared by the method described before (3). Briefly, cell monolayers (24 mm) were washed twice with ice-cold PBS and once with lysis buffer F (PBS containing 10 mM ␤-glycerophosphate, 2 g/ml leupeptin, 10 g/ml aprotinin, 10 g/ml bestatin, 10 g/ml pepstatin-A, 1 mM benzamidine, and 1 mM PMSF). Cells suspended in lysis buffer F were dispersed by homogenization in a glass/Teflon Dounce homogenizer with 50 strokes in and lysed by sonication at 4°C with two strokes (5 s each) with a 30-s interval between the strokes. The cell lysate was centrifuged first at 3,000 g for 10 min at 4°C to sediment the cell debris and then at 30,000 g for 30 min at 4°C LGG-s (3 g/ml), p40 (1.0 g/ml), or p75 (1.0 g/ml). Three hours after H2O2 administration the levels of H2O2 were measured in the incubation medium. Values are means Ϯ SE (n ϭ 4).
to pellet the plasma membrane. The membrane fraction was dissolved in Laemmli's sample buffer and heated at 100°C for 5 min.
Preparation of detergent-insoluble fractions. Cell monolayers in Transwell inserts (24 mm) were washed twice with ice-cold PBS and incubated for 15 min at 4°C with lysis buffer-CS (Tris buffer containing 1.0% Triton X-100, 2 g/ml leupeptin, 10 g/ml aprotinin, 10 g/ml bestatin, 10 g/ml pepstatin-A, 1 mM vanadate, and 1 mM PMSF). Cell lysates were scraped from the substratum and passed through a pipette tip five times. It was then centrifuged at 15,600 g for 4 min at 4°C to sediment the high-density actin cytoskeleton. The pellet was suspended in 200 l of lysis buffer-CS. Protein contents in different fractions were measured by the BCA method (Pierce Biotechnology, Rockford, IL). The Triton-insoluble and Triton-soluble fractions were mixed with equal volume of Laemmli's sample buffer (2ϫ concentrated) and heated at 100°C for 5 min and stored until immunoblot analysis. Triton-insoluble fractions were immunoblotted for occludin, ZO-1, E-cadherin, and ␤-catenin. Samples were also immunoblotted for actin as a housekeeping protein. The experiment was repeated at least two times.
Immunoblot analysis. Proteins in the plasma membrane or the detergent-insoluble and -soluble fractions were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes. Blots were probed for occludin, ZO-1, E-cadherin, ␤-catenin, PKC␤I, PKCε, phospho-ERK1/2, or actin. Horseradish peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG antibodies were used as secondary antibodies. The blots were developed by the enhanced chemiluminescence method (Amersham, Arlington Heights, IL). Immunoblot analysis for each experiment was repeated at least two times with similar results.
Statistics. Comparison between two groups was made by the Student's t-tests (unpaired) for grouped data. The significance in all tests was derived at the 95% or greater confidence level.
RESULTS
LGG-s attenuates the H 2 O 2 -induced disruption of barrier function. Previous study showed that H 2 O 2 disrupts TJ and increases the paracellular permeability in Caco-2 cell monolayers (3, 14 -16, 18) . In the present study, we evaluated the effect of unpurified LGG growth medium (LGG-s) and the soluble proteins, p40 and p75, purified from LGG-s, on the H 2 O 2 -induced increase in paracellular permeability. Incubation of cell monolayers with H 2 O 2 reduced the TER (Fig. 1A) and increased the inulin permeability (Fig. 1B) in a time-dependent manner. Treatment of cells with LGG-s significantly reduced the H 2 O 2 -induced decrease in TER (Fig. 1A) and increase in the inulin permeability (Fig. 1B) in a time-and dose-dependent manner.
LGG-s by itself showed a slight increase in TER (Fig.  1C) and a reduction in the inulin flux (Fig. 1D) ; this effect lasted for at least 16 h. Pretreatment of cell monolayers with p40 ( Fig. 2A) or p75 (Fig. 2B ) also significantly and dose dependently attenuated the H 2 O 2 -induced decrease in TER. Both p40 and p75 significantly reduced H 2 O 2 -induced increase in inulin permeability (Fig. 2C) . By themselves, p40 and p75 produced no significant effect on the inulin permeability of Caco-2 cell monolayers (Fig. 2D) .
One possible mechanism of probiotic-mediated protection is the degradation of H 2 O 2 . To determine the effect of probiotics on the potential H 2 O 2 degradation, we measured the level of H 2 O 2 in the incubation medium after 3 h of treatment with LGG-s, p40, or p75. Results show that p40 and p75 do not change the level of H 2 O 2 (Fig. 2E) . Incubation of live and killed LGG also attenuated H 2 O 2 -induced decrease in TER (Fig. 3A) and increase in inulin permeability (Fig. 3B) . This observation indicates that intact cell is not required for the protective effect of LGG. Incubation of LGG-s samples with anti-p40 and anti-p75 antibodies resulted in depletion of these proteins (Fig. 3C) . The immunodepleted LGG-s failed to prevent H 2 O 2 -induced changes in TER (Fig. 3A) and inulin flux (Fig. 3B) .
In all the above experiments, probiotics were added 30 min prior to the administration of H 2 O 2 , and the presence of probiotics continued during the H 2 O 2 treatment. To determine the protective effect of probiotics in the absence of a direct contact between probiotics and H 2 O 2 , we pretreated the cell monolayers with LGG-s for 60 min, and the traces of LGG-s were washed off prior to the H 2 O 2 administration. Results show that pretreatment alone was able to significantly attenuate the H 2 O 2 -induced decrease in TER (Fig. 4A ) and increase in inulin permeability (Fig. 4B) . To determine the polarity of the probiotic effect, cell monolayers were pretreated with p40 or LGG-s (untreated, immune-depleted using anti-probiotic proteins (PB) antibodies, or preimmune-IgG-treated) (administered 30 min prior to H2O2). TER (A) and inulin flux (B) were measured at 2 h after H2O2 administration. Values are means Ϯ SE (n ϭ 5, from 2 independent experiments). *Significantly (P Ͻ 0.05) different from corresponding values for H2O2 treatment. C: extracts of LGG-s that was untreated or treated with anti-p40/p75 or preimmune IgG were immunoblotted for p40 and p75. p75 on the apical or basal surface. Results demonstrate that p40 and p75 attenuate the H 2 O 2 -induced decrease in TER (Fig. 4C ) and the increase in inulin permeability (Fig. 4D ) when they were administered to either the apical surface or the basal surface. Administration of H 2 O 2 at varying concentrations induced dose-dependent increase in inulin permeability in both T84 (Fig. 5A) and HT29 (Fig. 5B ) cell monolayers. Pretreatment with p75 significantly reduced H 2 O 2 -induced inulin permeability (Fig. 5 ) in both T84 and HT29 cell monolayers. p40 and p75 prevent H 2 O 2 -induced disruption of TJ and AJ. To determine the protective effect of probiotic proteins on the H 2 O 2 -induced disruption of TJ, we analyzed the cellular distribution of the TJ and AJ proteins by immunofluorescence staining and confocal microscopy. Results show that the H 2 O 2 treatment resulted in a redistribution of occludin and ZO-1 from the intercellular junctions into the intracellular compartment (Fig. 6 ). This H 2 O 2 -induced redistribution of occludin and ZO-1 was attenuated by the pretreatment of cells with p40 and p75.
Although AJ does not form a physical barrier to the diffusion of macromolecules across the epithelium, it is known to indirectly influence the integrity of TJ (10) . Therefore, we investigated the effect of probiotics on H 2 O 2 -induced disruption of AJ. H 2 O 2 treatment induced a redistribution of AJ proteins, E-cadherin, and ␤-catenin from the intercellular junctions into the intracellular compartments (Fig. 7) . Pretreatment of cell monolayers with p40 or p75 attenuated the H 2 O 2 -induced redistribution of both E-cadherin and ␤-catenin.
Probiotic secretory proteins prevent H 2 O 2 -induced dissociation of TJ and AJ proteins from the detergent-insoluble
fractions. TJ and AJ protein complexes interact with the actin cytoskeleton to anchor these protein complexes at the apical end of the lateral membranes (6). Our previous studies indicate that the detergent-insoluble fraction of TJ and AJ proteins are more relevant to the integrity of junctional complexes than the membrane-associated or the soluble pools of these proteins (16) . Association of occludin and ZO-1 with the detergentinsoluble fraction was reduced during the H 2 O 2 -induced disruption of TJs, which was prevented by EGF (2) . In the present study, we determined the effect of probiotics on the H 2 O 2 -induced reduction in detergent-insoluble fractions of TJ and AJ proteins. Both p40 and p75 attenuated the H 2 O 2 -induced reduction of occludin, ZO-1, E-cadherin, and ␤-catenin in the Triton-insoluble fractions (Fig. 8) .
PKC activity is involved in the prevention of H 2 O 2 -induced TJ disruption by probiotic secretory proteins. Evidence indi-
cates that PKC activity is involved in the EGF-mediated protection of TJ from oxidative stress (7). To determine the mechanism involved in the probiotic-mediated protection of TJ from H 2 O 2 , we investigated the role of PKC activity in probiotic-mediated protection of TJ. Pretreatment of cell monolayers with Ro-32-0432 (a PKC-selective inhibitor) attenuated the p40-and p75-mediated prevention of H 2 O 2 -induced decrease in TER (Fig. 9A ) and increase in inulin permeability (Fig. 9B) . Ro-32-0432 also blocked p40-and p75-mediated prevention of H 2 O 2 -induced redistribution of occludin and ZO-1 from the intercellular junctions (Fig. 9C ). p40 and p75 rapidly increased the translocation of PKCε and PKC␤I into the plasma membrane fractions of the cell (Fig. 9D) . p40 or p75 increased the plasma membrane-associated PKC␤I at 2 min, whereas increase in membrane PKCε was detectable only at 15 min after probiotic administration.
MAP kinase activity is required for the p40-and p75-mediated prevention of H 2 O 2 -induced disruption of TJ.
Recent studies showed that ERK interacts directly with occludin and mediates the EGF-induced protection of TJ from H 2 O 2 in LGG-s for 60 min and washed twice to remove traces of probiotics prior to administration of H2O2. TER (A) was measured at varying times, and inulin flux (B) was measured at 2 h after H2O2 administration. Values are means Ϯ SE (n ϭ 6; values from 3 independent experiments). *Significantly (P Ͻ 0.05) different from corresponding values for cell monolayers without LGG-s treatment. C and D: Caco-2 cell monolayers were incubated with p40 or p75 (1.0 g/ml) on the apical or basal surfaces for 30 min prior to administration of H2O2. TER (C) and inulin flux (D) were measured at 2 h after H2O2 administration. Values are means Ϯ SE (n ϭ 6). *Significantly (P Ͻ 0.05) different from corresponding control values; #different from corresponding values for H2O2-treated cells without p40 or p75.
Caco-2 cell monolayer (2) . In the present study, we evaluated the role of MAP kinase in the p40-and p75-mediated prevention of H 2 O 2 -induced disruption of TJ. Pretreatment of cell monolayers with U0126 (a selective inhibitor of MEK) attenuated both p40-and p75-mediated prevention of H 2 O 2 -induced decrease in TER (Fig. 10A ) and increase in inulin flux (Fig. 10B) . U0126 also blocked the p40-and p75-mediated prevention of H 2 O 2 -induced redistribution of occludin and ZO-1 from the intercellular junctions (Fig. 10C) . Probiotic proteins, p40 and p75, rapidly increased the levels of phospho-ERK1/2, the activated ERK1/2, predominantly in the Triton-insoluble fractions (Fig. 10D) .
p75-induced membrane translocation of PKCε and PKC␤I was unaffected by the pretreatment of cells with U0126 (Fig. 11A) . Similarly, p75-induced phosphorylation of ERK1/2 was unaffected by Ro-32-0432 (Fig. 11B) . Ro-32-0432 had no effect on the total level of ERK1/2.
DISCUSSION
Probiotics protect the intestinal mucosa from numerous insults (9, 21, 24, 25, 27) ; however, the mechanism involved is not well understood. Recent studies have begun to shed some light on the mechanisms involved in the beneficial effects of probiotics in the gastrointestinal tract (24, 25) . Probiotics may enhance the defense mechanisms in the gastrointestinal mucosa and prevent mucosal injury from various insults. In the present study, we show that the proteins secreted by a probiotic, LGG, protect the intestinal epithelium from oxidative stress. Secretory proteins, p40 and p75, attenuate the H 2 O 2 -induced disruption of TJ and AJ in Caco-2 cell monolayers, a well-established model of the intestinal epithelium. This effect of probiotic secretory proteins is mediated by the activation of PKC isoforms PKCε and PKC␤I and by MAP kinases ERK1 and 2.
As previously demonstrated (3, 14 -16, 18) , H 2 O 2 increases the paracellular permeability in Caco-2 cell monolayers. The attenuation of H 2 O 2 -induced decrease in TER and increase in inulin permeability by LGG-s, p40, and p75 indicated that the proteins secreted by LGG ameliorate the oxidative stressinduced increase in paracellular permeability. A previous study demonstrated that the probiotics protect the intestinal epithelial cells from TNF-␣-induced apoptosis (24) . Two different secretory proteins, p40 and p75, were isolated from LGG-s, and they promote cell survival and growth in the rat intestine (25) . H 2 O 2 at low concentration (20 M) was previously shown to disrupt the TJ and increase the paracellular permeability without inducing apoptosis or cell necrosis (3, 14 -16, 18 ). The present study shows that p40 and p75 induce a significant reduction in Fig. 5 . Probiotic proteins prevent H2O2-induced paracellular permeability in T84 and HT29 cell monolayers. T84 (A) and HT29 (B) cell monolayers were incubated with or without H2O2 (10 -100 M) in the absence (ᮀ) or presence of 1 g/ml (■) of p75 (administered 30 min prior to H2O2). Inulin flux was measured at 2 h after H2O2 administration. Values are means Ϯ SE (n ϭ 6 from 3 independent experiments). *Significantly (P Ͻ 0.05) different from corresponding values for cell monolayers without p75 treatment. Fig. 6 . Probiotics prevent H2O2-induced redistribution of tight junction (TJ) proteins. Caco-2 cell monolayers were incubated with p40 or p75 for 30 min prior to the administration of H2O2. At 2 h after H2O2 administration cell monolayers were fixed in acetone-methanol and labeled for occludin (green) and zonula occludens (ZO)-1 (red) by immunofluorescence staining. Images were collected by using a confocal laser-scanning microscope. the H 2 O 2 -induced redistribution of occludin and ZO-1 from the intercellular junctions. Therefore, in addition to their antiapoptotic effect, probiotic proteins protect the TJ from H 2 O 2 -induced insult. Although ZO-1 and occludin levels in detergent-insoluble fractions are dramatically reduced by H 2 O 2 treatment, confocal microscopy showed that redistribution of occludin from the junctions was much more pronounced compared with the redistribution of ZO-1. This may be explained by proposing a possibility that H 2 O 2 had only minimal effect on the interaction between ZO-1 and claudins, and therefore a significant portion of ZO-1 remains to be localized at the intercellular junctions.
The AJ lies beneath the TJ and is formed by the organization of E-cadherin and ␤-catenin. Evidence suggests that the AJ indirectly regulates the integrity of TJ, and the present study shows that the probiotic proteins (p40 and p75) also prevent H 2 O 2 -induced redistribution of E-cadherin and ␤-catenin. Therefore, probiotics may stabilize both TJ and AJ and preserve the integrity of barrier function.
Probiotic secretory proteins, LGG-s, p40, and p75, did not change the level of H 2 O 2 , indicating that the effect of probiotic was not mediated by an antioxidant effect. This was further supported by the observation that LGG-s effectively prevents H 2 O 2 -induced disruption of barrier function when the cells were pretreated with LGG-s and removed before the administration of H 2 O 2 . p40 and p75 were effective in preventing H 2 O 2 -induced disruption of TJ even when they were administered only to the apical surface or the basal surface. This indicates that the necessary membrane receptors required for their protective effects are present in both the apical and the basolateral membranes of Caco-2 cell monolayers. Probiotic protein, p75, also prevented H 2 O 2 -induced disruption of barrier function in T84 and HT29 cell monolayers, indicating that this effect is not confined to one cell line.
Both p40 and p75 are novel bacterial proteins, which induce intestinal epithelial cell signal transduction and antiapoptotic responses (25) . The deduced full-length p40 sequence is 79% identical to the sequence of a 396-amino acid protein of unknown function in L. casei 334 (NCBI GeneBank COG3883), and the partial sequence of p75, which is most closely related to a 493-amino-acid cell wall-associated hydrolase of L. casei 334 (NCBI GeneBank COG0791). The predicted molecular mass of the full-length cell wall-associated hydrolase of L. casei 334 (49 kDa) differs substantially from the molecular mass of the LGG p75 protein. The p40 gene sequence and the partial p75 gene sequence do not show significant similarity, and the experimentally determined NH 2 -terminal amino acid sequences of these two proteins are not related. Thus, on the basis of the available sequence data, there is no evidence to suggest that p40 is a degradation product of p75. However, it is possible that there could be sequence similarity between p40 and the uncharacterized COOH-terminal portion of p75. The mechanisms of p40 and p75 regulating cell signaling are an area of active investigation including identification of potential Fig. 7 . Probiotics attenuate H2O2-induced redistribution of adherens junction (AJ) proteins. Caco-2 cell monolayers were incubated with p40 or p75 for 30 min prior to the administration of H2O2. At 2 h after H2O2 administration cell monolayers were fixed in acetone-methanol and labeled for E-cadherin (green) and ␤-catenin (red) by immunofluorescence staining. Images were collected by using a confocal laser-scanning microscope. interacting proteins and potential receptor(s); however, no candidates have been clearly identified so far.
Both p40 and p75 effectively prevented H 2 O 2 -induced loss of TJ and AJ proteins from the detergent-insoluble fractions. Previous studies showed that the TJ and AJ proteins occludin, ZO-1, E-cadherin, and ␤-catenin are associated with the F-actin-rich Triton-insoluble fractions in an intact epithelium, and these fractions of the TJ and AJ proteins correlate well with the integrity of TJ (16) . H 2 O 2 caused a dissociation of these TJ and AJ proteins from the detergent-insoluble fractions, suggesting that the dissociation of TJ and AJ proteins from the actin cytoskeleton is one of the mechanisms involved in this TJ disruption. Probiotic proteins somehow prevent H 2 O 2 -induced loss of interaction between the actin cytoskeleton and the TJ and AJ proteins. Therefore, the protective effects of p40 and p75 are likely to be mediated by specific cellular mechanisms. Previous studies have shown that p40 and p75 activate Akt in intestinal epithelial cells (24) . Therefore, we evaluated the effect of p40 and p75 in activation of Akt by immunoblot analysis of phospho-Akt. Results showed that phospho-Akt was undetectable in p40-or p75-treated Caco-2 cells. Therefore, Akt does not play a role in the protection of TJ from H 2 O 2 (data not shown).
Evidence suggests that PKC activity may be involved in EGF-mediated protection of the intestinal epithelial barrier function from oxidative stress (7) . Therefore, we evaluated the role of PKC activity in the p40-and p75-mediated protection of TJ from H 2 O 2 . Attenuation of the p40-and p75-mediated protection of barrier function and TJ from H 2 O 2 by Ro-32-0432 (a PKC-selective inhibitor) indicates that PKC activity is involved in the TJ protection by probiotic secretory proteins. Ro-32-0432 is known to selectively inhibit the activities of PKC␣, PKCε, and PKC␤I. Both p40 and p75 rapidly increase the membrane translocation of PKCε and PKC␤I; membrane localization of PKC␣ was unaltered. This indicates that p40 and p75 induce the activation of PKCε and PKC␤I, and this activation of the PKC isoforms may be required for the Fig. 9 . PKC activity is involved in probioticsmediated prevention of H2O2-induced disruption of TJ. A and B: Caco-2 cell monolayers were incubated with or without 20 M H2O2 in the absence or presence of p40 or p75 (administered 30 min prior to H2O2) for 2 h. In some groups, cell monolayers were pretreated with Ro-32-0432 (1 M) for 30 min prior to the administration of probiotics. TER (A) and inulin flux (B) were recorded at 2 h after H2O2 administration. Values are means Ϯ SE (n ϭ 6). *Significantly (P Ͻ 0.05) different from values for H2O2; #significantly different from values for probiotics ϩ H2O2 group. C: Caco-2 cell monolayers were incubated with H2O2 in the absence or presence of probiotics and in the absence or presence of Ro-32-0432. Two hours after H2O2 treatment, cell monolayers were fixed and double labeled for occludin and ZO-1 by immunofluorescence staining. Fluorescence images were collected by confocal microscopy. D: Caco-2 cell monolayers were incubated with p40 or p75 for varying times. Plasma membrane fraction were prepared and immunoblotted for PKCε, PKC␤I, and actin. protection of TJ from H 2 O 2 . Maximal activation of PKC␤I by EGF was achieved by 2 min, whereas PKCε translocation was detectable only at 15 min after EGF administration. This suggests that PKC␤I activation may be one of the initial events in the mechanism of probiotic-mediated protection of TJ and AJ. PKCε may play a role in the downstream events of the signaling pathway involved in this process.
The present study also shows that MAP kinase activity is involved in the p40-and p75-mediated prevention of the H 2 O 2 -induced disruption of TJ and increase in paracellular In some groups, cell monolayers were pretreated with U0126 (10 M) for 30 min prior to the administration of probiotics. TER (A) and inulin flux (B) were recorded at 2 h after H2O2 administration. Values are means Ϯ SE (n ϭ 6). *Significantly (P Ͻ 0.05) different from values for H2O2; #significantly different from values for probiotics ϩ H2O2 group. C: Caco-2 cell monolayers were incubated with H2O2 in the absence or presence of probiotics and in the absence or presence of U0126. Two hours after H2O2 treatment, cell monolayers were fixed and double labeled for occludin and ZO-1 by immunofluorescence staining. Fluorescence images were collected by confocal microscopy. D: Caco-2 cell monolayers were incubated with p40 or p75 for varying times. Triton-insoluble and soluble fractions were prepared and immunoblotted for phospho-ERK1/2. Blots were reblotted for actin as a housekeeping protein. Fig. 11 . EGF independently activates ERK1/2 and PKC isoforms. Caco-2 cell monolayers were preincubated with or without U0126 or Ro-32-0432 for 1 h prior to administration of p75 (1 g/ml). After 15 min incubation with p75, plasma membrane (A) or detergentinsoluble fractions (B) were prepared and immunoblotted for PKCε, PKC␤I, ERK, phospho-ERK1/2, and ␤-actin.
permeability. U0126 (a MEK-selective inhibitor) attenuates the protective effect of p40 and p75 on TJ, indicating that these probiotic proteins activate ERK1/2 via MEK activity. This is confirmed by the demonstration that both p40 and p75 rapidly increase the level of phospho-ERK in Caco-2 cells. A recent study demonstrated that activation of ERK plays a crucial role in the EGF-mediated prevention of H 2 O 2 -induced disruption of TJ and the increase in paracellular permeability (2) . Phospho-ERK directly interacted with occludin and prevented H 2 O 2 -induced dephosphorylation of occludin on Thr residues. A similar mechanism may play a role in the probiotic-mediated protection of the TJ from H 2 O 2 -induced insult.
PKC inhibitors failed to prevent probiotic-induced activation of ERK1/2, and, similarly, MEK inhibitor failed to prevent probiotic-induced membrane translocation of PKCε or PKC␤I. These data suggested that probiotic-induced activation of MAP kinase and PKC signaling pathways are independent of one another. Therefore, it is likely that probiotic proteins activate multiple signaling pathways, and coordination these signaling pathways is required for the probiotic-mediated protection of intestinal epithelial tight junctions. The precise mechanism involved in PKC and MAP kinase activation in tight junction regulation is not known. Our recent study suggested that PKC activation may be involved in stabilization of perijunctional actomyosin ring (20) . MAP kinase activation may regulate the Thr-phosphorylation of occludin.
In summary, this study shows that probiotic secretory proteins ameliorate the oxidative stress-induced disruption of intestinal epithelial TJ and increase in paracellular permeability by a PKC-and MAP kinase-dependent mechanism.
